7 Targeted DNA double-strand breaks (DSBs) with CRISPR-Cas9 have revolutionized genetic 8 modification by enabling efficient genome editing in a broad range of eukaryotic systems. Accurate 9 gene editing is possible with near-perfect efficiency in haploid or (predominantly) homozygous 10 genomes. However, genomes exhibiting polyploidy and/or high degrees of heterozygosity are less 11 amenable to genetic modification. Here, we report an up to 99-fold lower gene editing efficiency when 12 editing individual heterozygous loci in the yeast genome. Moreover, Cas9-mediated introduction of a 13 DSB resulted in large scale loss of heterozygosity affecting DNA regions up to 360 kb that resulted in 14 introduction of nearly 1700 off-target mutations, due to replacement of sequences on the targeted 15 chromosome by corresponding sequences from its non-targeted homolog. The observed patterns of 16 loss of heterozygosity were consistent with homology directed repair. The extent and frequency of 17 loss of heterozygosity represent a novel mutagenic side-effect of Cas9-mediated genome editing, 18 which would have to be taken into account in eukaryotic gene editing. In addition to contributing to the 19 limited genetic amenability of heterozygous yeasts, Cas9-mediated loss of heterozygosity could be 20 particularly deleterious for human gene therapy, as loss of heterozygous functional copies of anti-21 proliferative and pro-apoptotic genes is a known path to cancer.
INTRODUCTION

23
CRISPR-Cas9-assisted genome editing requires the simultaneous presence of the Cas9 24 endonuclease and a guide-RNA (gRNA) that confers target-sequence specificity (1). A gRNA consists 25 of a structural domain and a variable sequence homologous to the targeted sequence (1) (2) (3) (4) . A Cas9-26 gRNA complex introduces a DSB when the gRNA binds to its reverse complement sequence on the 27 5' side of a PAM sequence (NGG). Imperfect gRNA complementarity and/or absence of a PAM 28 sequence strongly reduce editing efficiencies (5). CRISPR-Cas9 enables specific editing of any 29 sequence proximal to a PAM sequence, with minimal off-targeting effects (5). The introduction of a thereby, compete with the intended gene-editing event. So far, no systematic analysis has been 48 performed of the efficiency of Cas-9-mediated gene editing at heterozygous loci. To investigate if 49 Cas9 gene editing works differently in heterozygous diploid yeast, we tested if allele-specific targeting 50 of heterozygous loci using Cas9 enables accurate gene editing in an interspecies Saccharomyces 51 hybrid, and investigated the resulting transformants. In addition, we systematically investigated the 52 efficiency of CRISPR-Cas9-mediated genome editing when targeting various homozygous and 53 heterozygous loci in diploid laboratory Saccharomyces cerevisiae strains while monitoring off-target 54 mutations.
55
MATERIAL AND METHODS
56
Strains, plasmids, primers and statistical analysis 57 S. cerevisiae strains used in this study are derived from the laboratory strains CEN.PK113-7D and 58 S288C (13,14) . Yeast strains, plasmids and oligonucleotide primers used in this study are provided in 59 Tables S3, S4 and S5. Statistical significance was determined using two-tailed unpaired Student's t-60 tests in GraphPad Prism 4.
61
Media and growth conditions 62 Plasmids were propagated overnight in Escherichia coli XL1-Blue cells in 10 mL LB medium 63 containing 10 g·L -1 peptone, 5 g·L -1 Bacto Yeast extract, 5 g·L -1 NaCl and 100 mg·L -1 ampicillin at 64 37°C. Unless indicated otherwise, yeast strains were grown at 30 °C and 200 RPM in 100 mL shake 65 flasks containing 50 mL YPD medium, containing 10 g·L -1 Bacto yeast extract, 20 g·L -1 Bacto peptone, 66 and 20 g·L -1 glucose. Alternatively, strains were grown in synthetic medium (SM) containing 6. (Table S1 ).
243
Subsequently, the homozygous alleles of AIM9 and YCK3 were targeted in the congenic diploid S.
244
cerevisiae strain IMX1557, resulting in integration of the repair fragment in 98.6±0.8% and 99.2±0.4%
245
of cells, respectively ( Fig. 2A) . In contrast, when individually editing each allele of the heterozygous 246 7 CAN1/Δcan1::cas9 locus in the diploid strain IMX1557, the repair fragment was integrated in only 247 4.4±2.5% of cells when targeting the Δcan1::cas9 allele, and 0.9±0.6% of the cells when targeting the 248 CAN1 allele ( Fig. 2A) . These results indicated that gene editing efficiencies were up to 99-fold lower 249 for heterozygous target loci than for homozygous target loci (p<10 -4
). Since IMX1557 was 250 homozygous in most of its genome, except the targeted locus, the introduction of a DSB in only one of 251 two homologous chromosomes rather than genome heterozygosity itself, impeded accurate and 252 efficient gene editing using Cas9.
253
In integrate the repair fragment had lost mRuby2 fluorescence ( Fig. 2A) . These results indicated that 263 targeting of a heterozygous locus resulted in loss of sequences on the targeted chromosome arm, but 264 did not affected the opposite chromosome arm. Similarly, after targeting the CAN1 allele of the same 265 locus, two distinct subpopulations were discernible in cells that had not integrated the repair fragment 266 (Fig. 2D) . The two-fold difference in mRuby2 fluorescence between these two subpopulations could 267 reflect duplication of mRuby2. Loss of mRuby2 fluorescence upon transformation with a gRNA 268 targeting Δcan1::cas9 and doubling of mRuby2 fluorescence when targeting CAN1 were also 269 observed in the absence of a co-transformed repair fragment (Table S1 ). This indicates that Table S1 .
293
Elucidation of mutations caused by Cas9-targeting using whole genome sequencing 294 Chromosome-arm LOH has previously been reported upon introduction of a DSB in one of two 295 homologous chromosomes, but was considered rare and has not been described as disruptive to 296 gene-editing approaches (9, 26, 27 (Table S6 ). LOH could be monitored at the 300 chromosome arm level by flow cytometry and at the nucleotide level by whole-genome sequencing.
301
By using PAM sequences absent in S288C, we specifically targeted the CEN.PK-derived 302 chromosome V, which carried expression cassettes for mRuby2 and mTurquoise2 on its left and right 303 arms, respectively, at the CAN1, UTR2, FIR1, AIM9 and YCK3 loci and at intergenic coordinate 304 549603, referred to as 550K. Upon targeting of the CAN1 and UTR2 loci, mRuby2 fluorescence was 305 lost in 46.7±2.4 and 11.2±0.2% of cells, respectively, while mTurquoise2 fluorescence was unaffected 306 in at least 99.6±0.2% of the cells (Fig. 3A) . Targeting of the FIR1, AIM9, YCK3 or 550K loci caused 307 loss of mTurquoise2 fluorescence in 12.2±0.4, 13.6±0.1, 12.7±0.2 and 43.6±0.3% of cells, 308 respectively, while mRuby2 fluorescence was conserved in at least 98.1±0.5 % of cells (Fig. 3A) . As 309 the centromere is located between UTR2 and FIR1, these results confirm that, for all investigated loci, 
316
LOH of the targeted locus in all 40 isolates (Fig. 3B) . In cell lines that did not lose a fluorophore, LOH 317 was local, affecting regions ranging from 3 to 17,495 nucleotides for UTR2-targeted cells and regions 318 ranging from 1 to 11,900 nucleotides for FIR1-targeted cells, corresponding to up to 79 mutations (Fig.
319
3C and Table S2 ). In isolates that did lose a fluorophore, LOH affected the chromosome arm 320 harbouring the targeted locus, affecting 79,859 to 110,289 nucleotides for UTR2-targeted cells and 321 359,841 to 362,790 nucleotides for FIR1-targeted cells, corresponding to up to 1,697 mutations (Fig.
322
3C and Table S2 ). Absence of newly introduced SNPs at targeted loci indicated that repair of DSBs 323 did not involve non-homologous end joining (28). Table S2 .
353
Identification of repair patterns corresponding to homology-directed repair
354
We conclude that introduction of a DSB at a heterozygous locus results in low gene-editing 355 efficiencies due to a competing repair mechanism that causes local or chromosome-arm LOH. While
356
repair using homologous chromosomes typically relies on BIR, HR or HDR in eukaryotes (29), the 357 observed local LOH is consistent with HDR ( Fig. 4A) (10-12) . Indeed, strains IMX1606, IMX1608 and 358 IMX1613 showed patterns of alternating homozygous and heterozygous sequences around the 359 targeted locus consistent with the heteroduplex resolution step characteristic for HDR ( Fig. 4A and 360 Table S2 ). Although previous studies attributed chromosome-arm LOH to BIR or HR (9,26),
361
occurrence of similar mosaic structures in strains with chromosome-arm LOH (strains IMX1605 and 362 IMX1619, Table S2 ) indicated that HDR was also responsible for chromosome-arm LOH. While BIR 363 13 or HR do not cause mosaic LOH, chromosome-arm LOH is not a commonly-recognized result of HDR 364 ( Fig. 4A ) (10) (11) (12) . However, we propose a repair mechanism that involves HDR of one of the targeted 365 chromatids at the 2n stage of the cell cycle (Fig. 4B) , which is consistent with all phenotypes and 366 genotypes encountered in this study as well as in previous studies involving hemizygous introduction 367 of DSBs (9, 26, 27, 30) . 
396
When the use of a marker is not permissible, extensive screening of transformants for correct gene 397 editing may be required.
398
While the HDR machinery is well conserved in eukaryotes (11,12 for CRISPR/Cas9-mediated LOH (Fig. 4B) , the risk of LOH can be mitigated by designing gRNAs that 418 cut all alleles of heterozygous loci, even if only a single allele needs to be edited. Eventually,
419
CRISPR-Cas9 editing could become safer by favouring DSB-independent gene-editing methods such 420 as guided nickases and base-editing strategies for preventing or reducing the incidence of LOH (36-421 39).
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